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p120-catenin (p120) has emerged over the past several years as an important regulatory component of the cadherin adhesive complex. A core
function of p120 in mammalian cells is to stabilize cadherins at the cell membrane by modulating cadherin membrane trafficking and degradation.
In this way, p120 levels act as a set point mechanism that tunes cell–cell adhesive interactions. The primary control point for this regulatory
activity appears to be at the level of cadherin internalization from the plasma membrane, although p120 may also impact other aspects of cadherin
trafficking and turnover. In the following review, the general mechanisms of cadherin trafficking are discussed, and models for how p120 may
influence cadherin membrane dynamics are presented. In one model, p120 may function as a “cap” to bind the cadherin cytoplasmic tail and
prevent cadherin interactions with endocytic membrane trafficking machinery. Alternatively, p120 may stabilize cell junctions or regulate
membrane trafficking machinery through interactions with small GTPases such as Rho A, Rac and Cdc42. Through these mechanisms p120 exerts
influence over a wide range of biological processes that are dependent upon tight regulation of cell surface cadherin levels.
© 2006 Elsevier B.V. All rights reserved.Keywords: p120-catenin; cadherin; endocytosis; Rho; Rac1. Introduction
In the current review, we discuss the role of p120-catenin
(p120) as a central regulator of the cadherin–catenin complex
by modulating cadherin membrane trafficking and degradation.
Specifically, we discuss recent evidence demonstrating that
p120 functions as a key component of a set point mechanism
that regulates cadherin presentation and stability at the plasma
membrane. p120 performs this function in part by binding to the
cadherin tail and selectively preventing cadherin endocytosis
and degradation. This mechanism for regulating the internaliza-
tion of a transmembrane protein appears to be unique to p120,
and several models exploring how p120 performs this function
are discussed. In addition, both upstream and downstream
modifiers of this activity of p120 are considered, including the
Rho family of GTPases, intrinsic properties of the cadherin
cytoplasmic domain, and signal transduction pathways that
exert influence over cell adhesion.⁎ Corresponding author. Tel.: +1 404 712 1830; fax: +1 404 727 6256.
E-mail address: kxiao@emory.edu (K. Xiao).
0167-4889/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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cadherin–catenin complex
Tissue morphogenesis requires cell–cell interactions that
provide positional information and contribute to tissue archi-
tecture and integrity. Modulation of cell surface adhesion
molecule expression is emerging as a regulatory mechanism
fundamentally important to tissue organization [27,28,40,42].
Adherens junctions are adhesive intercellular junctions that
assemble around cadherins, calcium dependent adhesion
molecules with critical roles in development and disease
[7,30,64]. Cell interactions mediated by cadherins are essential
for normal tissue morphogenesis and maintenance, and
cadherins are often misregulated in human disease states,
including cancer, inflammation, and some autoimmune dis-
orders [3,24,52,72]. The extracellular domain of cadherins
mediates homophilic cell–cell contact, with different types of
cadherins conferring differential cell–cell interactions. The
cytoplasmic tails of cadherins are highly conserved and associate
with binding partners termed catenins [26]. These cytoplasmic
interactions regulate the adhesive function of the cadherin
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interactions to the cytoskeleton. β-catenin is an armadillo family
protein that binds to the distal portion of the cadherin
cytoplasmic tail at a region termed the catenin binding domain
(CBD). p120-catenin (p120) is a relatedmember of the armadillo
gene family and also binds to the cadherin cytoplasmic tail, but
p120 interacts with a domain on the cadherin adjacent to the
plasma membrane (Fig. 1). Both the CBD and this juxtamem-
brane domain (JMD) have been implicated in regulating
cadherin adhesive activity, although the detailed mechanism
by which these domains contribute to cell adhesion remains
somewhat mysterious and controversial [18,25,76].
Cadherin function at the adherens junction requires the
assembly of a multiprotein complex that participates in bothFig. 1. Overview of p120 in cadherin trafficking. Cadherins at the plasma membran
juxtamembrane domain (JMD) and catenin-binding domain (CBD), respectively. In
association with β-catenin, while p120 binds to the cadherin JMD at or near the cell su
entry of cadherin into degradative endocytic membrane trafficking pathways. Internali
likely requires p120 dissociation from the cadherin tail. Following internalization, cad
to the cell surface or delivered to late endosomes and lysosomes for degradation.adhesion and signaling. Cells assemble numerous macromole-
cular complexes that carry out a wide variety of cellular
functions, including transcription and translation, protein
degradation, and intracellular transport. In many of these
complexes, a hierarchy exists in which specific protein
interactions selectively stabilize individual components of the
complex. This hierarchy often reflects the biological functions
of specific subunits, and reveals which components act
upstream or downstream in a functional pathway. In the mid
1990s it became clear that β-catenin not only associates with the
cadherin tail, but also translocates to the nucleus and participates
in a signaling pathway that mediates Wnt growth factor receptor
signaling [8]. These studies revealed that β-catenin stability is a
central control point in theWnt signaling pathway. Interestingly,e are associated with p120 and â-catenin through their binding to the cadherin
the case of E-cadherin, the cadherin is transported to the plasma membrane in
rface. Once at the plasma membrane, p120 stabilizes the cadherin by preventing
zation of the cadherin, particularly through the clathrin-dependent pathway, most
herins are transported to early endosomes, from which they can be recycled back
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However, p120 is not subject to the same cadherin dependency
and is stable in the cytosol when unbound by the cadherin tail
[32,67]. Rather, emerging evidence indicates that a central
function of p120 is to regulate the overall stability and
membrane localization of the entire cadherin–catenin complex,
thus acting upstream of both cadherin and β-catenin [16,75].
Understanding the mechanisms by which p120 stabilizes the
cadherin–catenin complex has implications for tissue morpho-
genesis, β-catenin signaling, and numerous disease states in
which adhesion or cadherin-based signaling is altered.
3. p120-catenin functions as a set point for cadherin
expression levels in mammalian cells
A direct indication that p120 is critical for cadherin function
came from the analysis of SW48 colon carcinoma cells with
mutations in the p120 gene [32]. In the absence of p120, these
tumor cells failed to form compact adherent colonies. Further
analysis revealed that E-cadherin protein levels were dramati-
cally decreased in these p120 null cells. Interestingly, mRNA
levels of E-cadherin were unaffected, but E-cadherin metabolic
stability was significantly reduced. Reintroduction of p120
stabilized the cadherin, strongly suggesting that the p120
interaction with the JMD regulates cadherin expression levels
by controlling cadherin turnover rates. Evidence from other
laboratories indicated that in some human tumors, the loss of
p120 expression correlated with the loss of cadherin expression
[68]. Collectively, these data provided the first evidence that
p120 was essential for mammalian cell adhesion, and that p120
might regulate E-cadherin expression levels.
A series of subsequent studies using model organisms
painted a different picture of p120 function. Two studies in
Drosophila suggested modest roles for p120 and the juxtamem-
brane region of cadherin in both adhesion and development. In
Drosophila, mutants lacking p120 were viable, and levels of
Drosophila E-cadherin (DE-cadherin) and other junctional
proteins were normal. Nonetheless, mutations in p120 strongly
exacerbated the effects of reducing the dose of DE-cadherin,
indicating that p120 does play a positive role in cadherin
medicated cell adhesion in Drosophila [51]. In parallel studies,
Pacquelet et al. mutated the p120 binding site on the JMD of
Drosophila E-cadherin and found that this cadherin mutant
rescued animals lacking endogenous DE-cadherin, again
indicating that p120 association with the cadherin was not
central for DE-cadherin function in flies [56]. Studies in C.
elegans using siRNA obtained similar results; p120 seems to
function as a positive regulator of cadherin in invertebrates, but
is not essential [62]. These data suggested that in flies and
worms, p120 acts as a positive regulator of cadherin based
adhesion, but is apparently dispensable for normal cadherin
expression levels, developmental patterning and tissue
organization.
The situation appears to be different in vertebrates, where
p120 is essential for embryonic development and for normal
cadherin expression levels. In parallel studies, the Kowalczyk
and Reynolds laboratories demonstrated that siRNA reductionof p120 results in a dramatic reduction in cadherin levels in
cultured mammalian cells [16,75]. p120 levels were shown to
tightly correlate with cadherin levels, and this relationship
applied to multiple classical cadherins, including E-cadherin,
N-cadherin and VE-cadherin. Interestingly, these studies also
revealed the molecular mechanism by which cadherin
dominant negative mutants lead to the loss of endogenous
cadherin. A number of previous reports indicated that cadherin
dominant negative mutants cause a decrease in endogenous
cadherin expression levels[39,53,73,75,78]. The mechanism
leading to this down regulation was not fully understood, and
considerable controversy existed as several reports came to
different conclusions as to how these truncated cadherins
functioned as dominant negative mutants. However, Xiao et al.
found that mutating the p120 binding site on the dominant
negative VE-cadherin mutant abrogated the ability of the
mutant to cause down-regulation of the endogenous cadherin
[75]. Similarly, co-expression of p120 with the mutant cadherin
also prevented down-regulation of endogenous cadherin. These
data demonstrated that cadherin mutants cause down regulation
of endogenous cadherins by competing for p120. Interestingly,
the down-regulation of endogenous cadherin is not because the
mutant cadherin is non-functional. In fact, expression of a fully
functional N-cadherin in endothelial cells causes rapid and
dramatic down-regulation of endogenous VE-cadherin (Xiao,
unpublished observations). Together, these studies demons-
trated that mammalian cells harbor a sensing mechanism that
tightly regulates total cellular cadherin levels. p120 is the set
point, or rheostat, that determines these levels.
The loss of p120 causes cadherin internalization and delivery
to lysosomes for proteolytic degradation. In fact, siRNA knock
down of p120 and cadherin dominant negative mutants both
result in cadherin delivery to lysosomes. Inhibition of lysosome
function with chloroquine results in intracellular accumulation
of cadherin that was internalized and targeted for degradation
[16,75]. Interestingly, p120 is not required for proper delivery of
cadherins to the membrane after biosynthesis. However, once
delivered to the plasma membrane, the cadherin becomes
exquisitely dependent upon p120 for retention at the membrane
[16]. Presumably, cadherin at the membrane that is not bound to
p120 is internalized and degraded. In agreement with this
hypothesis, VE-cadherin is delivered to lysosomal compart-
ments for degradation when p120 levels are depleted [75],
resulting in dramatically reduced endothelial adhesion and
barrier function [34]. As discussed below, p120 appears to
directly inhibit cadherin endocytosis, although it is likely that
p120 has additional indirect effects on cadherin stability and
adhesive activity. Furthermore, other members of the p120
family appear to harbor cadherin stabilizing activity. The p120
family members δ-catenin, p0071, and ARVCF also rescued
cadherin stability in cells lacking p120, implying that the p120
family members all share this activity [16,74].
These data strongly suggest that in mammalian cell culture
models p120 is crucial for the maintenance of steady-state
cadherin protein levels and thus cell adhesion. However,
genetic studies showing that p120 is dispensable in flies and
worms raised questions as to whether p120 is essential in vivo.
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cadherin accumulation and function in vertebrate organisms. In
Xenopus, p120 and the related armadillo protein ARVCF are
required for normal gastrulation and axial elongation. Xenopus
C-cadherin levels were reduced in animals in which p120 was
depleted, consistent with a role for p120 in regulating cadherin
expression [21]. Subsequent studies in mammals further
support these findings. Unpublished observations indicate
that mice lacking p120 die early in embryogenesis (Reynolds,
personal communication). Importantly, recent efforts using
conditional gene ablation strategies reveal several interesting
aspects of p120 contributions to cadherin function in vivo, and
also reveal novel p120 functions [15,61]. The Reynolds
laboratory generated a mouse line in which endogenous p120
was replaced by a Lox P flanked p120 allele. These animals are
viable, fertile and express normal levels of all p120 isoforms
and exhibit normal cadherin expression levels. Using tissue
specific expression of Cre recombinase, the Reynolds labora-
tory and their collaborators ablated p120 in several epithelial
tissues. In the salivary gland, loss of p120 results in a
corresponding reduction in E-cadherin, clearly demonstrating
that a central function of p120 in vertebrates lies in the
regulation of cell surface levels of cadherin [15]. Interestingly,
salivary gland epithelial cells lacking p120 also exhibited
hyperproliferation, implicating p120 in tissue architecture and
epithelial growth control. Furthermore, two conditional p120
knock out models reveal fascinating roles for p120 in
inflammation, both in the epidermis [61] and intestinal
epithelium (Reynolds, personal communication). In these
model systems, p120 functions to prevent activation of the
NFκB pathway by constitutively inhibiting Rho activity. Thus,
loss of p120 results in increased Rho activity, increased nuclear
translocation of NFκB and thus tissue inflammation. Finally,
unpublished studies from our laboratory indicate that p120
plays an essential role in mouse vascular development.
Animals lacking p120 in endothelial cells exhibit vessel
patterning defects in the yolk sac, brain and other organs,
implicating p120 in both VE-cadherin expression levels and in
endothelial branching morphogenesis (Xiao, Oas, and
Kowalczyk, unpublished). Therefore, although p120 is appar-
ently dispensable in invertebrates, it is absolutely required for
normal tissue structure and function in vertebrate organisms.
Further analysis of these conditional null animals should yield
additional insights into p120 regulatory functions that extend
beyond regulation of cadherin turnover.
4. p120-catenin and cadherin membrane trafficking
4.1. Role of p120-catenin in cadherin endocytosis
Studies of p120 in conditional mouse knock out models
indicate that p120 plays essential roles in both cadherin
dependent and cadherin independent functions. With respect
to cadherin related activities, p120 most likely functions to
protect cell surface cadherins from entering a degradative
endocytic pathway (Fig. 1). Endocytosis of cadherins has been
observed during development, during epithelial to mesenchy-mal transitions, and in response to growth factors and
tumorigenic signaling pathways [5,10,11,22,36,38,43]. Over
the past decade, it has become increasingly clear that the
adhesive function of cadherins is modulated by the dynamic
regulation of cadherin at the plasma membrane. Understanding
how p120 regulates cadherin turnover thus requires a detailed
understanding of how cadherins interface with membrane
trafficking machinery.
Cadherin endocytosis is mediated by several different
internalization pathways, including clathrin-dependent and
clathrin-independent mechanisms. It seems likely that the
internalization machinery utilized by cadherins is highly cell or
tissue type dependent. In the absence of extracellular calcium,
the entire apical junctional complex, including E-cadherin and
p120, is internalized intact via clathrin-dependent mechanisms
and is sorted to an intracellular storage compartment defined by
syntaxin-4 localization [33]. These studies also demonstrated
that upon return to physiological calcium concentrations
junctional components could be recycled back to the plasma
membrane and reassembled into intercellular junctions [33].
These data support the findings of Le et al. that E-cadherin is
constitutively internalized and recycled back to the plasma
membrane by a clathrin-dependent internalization pathway
[41]. Cadherin endocytosis also plays key roles in epithelial–
mesenchymal transitions. In a model system using MDCK cells
stimulated with the pro-migratory growth factor HGF, ARF6
was found to act down-stream of the HGF receptor (c-met)
activation to drive E-cadherin internalization. E-cadherin was
internalized in this system in a dynamin and clathrin dependent
manner [57]. While several of these reports indicate that
cadherins are internalized via clathrin-dependent pathways, it is
also clear that E-cadherin can be internalized by clathrin-
independent pathways. For example, E-cadherin can be
internalized by a caveolin-mediated pathway in A431 cells
[43]. Similar findings were reported in keratinocytes expressing
activated forms of Rac [1]. Paterson and colleagues described a
pathway for cadherin internalization in MCF-7 cells in which
E-cadherin was internalized via an ARF6-dependent pathway
which was clathrin-independent [59]. Collectively, these
findings indicate that cadherins interface with a variety of
different membrane trafficking pathways, but at present, a
comprehensive understanding of the functional consequences
of these interactions is lacking.
The fact that cadherin expression at the plasma membrane is
tightly regulated by endocytic membrane trafficking pathways
raises the possibility that p120 exerts control over cadherin
expression levels by modulating this step in cadherin
trafficking. In fact, recent findings from our laboratory strongly
support the notion that the primary control point for p120
influence over cadherin accumulation is at the level of cadherin
internalization from the plasma membrane. In microvascular
endothelial cells, p120 strongly inhibits clathrin-dependent
endocytosis of VE-cadherin [74]. Importantly, p120 binding to
the cadherin JMD is required for this inhibition. Furthermore,
p120 appears to dissociate from the cadherin cytoplasmic tail
during the internalization process. These results support the
hypothesis that the cadherin tail harbors sequence information
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endocytic pathway, and that release of p120 from the cadherin
tail exposes these amino acid motifs, thereby allowing cadherin
internalization. Consistent with this hypothesis, fusion of the
VE-cadherin cytoplasmic tail to the IL-2 receptor extracellular
domain dramatically enhances internalization of the receptor
[74]. These gain of function studies demonstrate that the VE-
cadherin tail mediates internalization, likely through sorting
signals in the cytoplasmic tail. In fact, the VE-cadherin
cytoplasmic tail contains several putative tyrosine and
dileucine internalization motifs which may mediate cadherin
endocytosis through a clathrin dependent pathway. One of
these motifs lies near the p120 binding site in the VE-cadherin
JMD. These findings lead to a model in which p120 serves as a
“cap” that prevents clathrin adaptor proteins from interacting
with the cadherin cytoplasmic tail, thereby stabilizing the
cadherin at the plasma membrane (Fig. 2). When p120
dissociates from the cadherin tail, the internalization signal is
exposed and the cadherin is fated for internalization.
A recent report from the Takai laboratory lends further
support to the idea that p120 stabilizes cadherins at adherens
junctions and proposes another potential mechanism by which
this stabilization occurs [29]. Using a cell free assay system to
reconstitute E-cadherin ecdocytosis, E-cadherin was constitu-
tively endocytosed in a clathrin dependent manner. The adhesion
molecule nectin was found to inhibit E-cadherin endocytosis by
stabilizing the association of p120 with E-cadherin through the
formation of a trimeric complex consisting of the actin filament
binding protein afadin, the small G protein Rap1, and p120 [29].
By preventing non-trans interacting E-cadherin from beingFig. 2. Models for p120 Regulation of Cadherin Retention at the Plasma Membrane.
associations between the cadherin and clathrin adaptor proteins. In the example sh
cadherin cytoplasmic tail by the presence of p120. Dissociation of p120 allows for AP
with small GTPases also regulate cadherin stability at the plasma membrane. (1) Rac (
for cadherin delivery to the plasma membrane. (2) On the other hand, active Rho A m
Finally, active Rac is shown to prevent clathrin-dependent cadherin endocytosis, altho
to text for additional discussion.endocytosed, the p120, afadin, Rap1 interaction favors forma-
tion of E-cadherin trans-interactions and promotes tight
adhesion at adherens junctions. These findings suggest that
nectin may act as a scaffold to recruit p120 to the cadherin
cytoplasmic tail through activation of Rap1 and afadin binding.
This study does not specifically address the issue of adherens
junction disassembly, but is consistent with the idea that p120
may act as a cap to prevent clathrin machinery from interacting
with the cadherin cytoplasmic tail. Furthermore, these studies
suggest that cadherin ectodomain interactions, and perhaps
cytoskeletal associations, prevent cadherin endocytosis. Thus,
cadherin that is present in adherens junctions may be less
susceptible to internalization than cadherin that is at the plasma
membrane but not tethered to the cytoskeleton.
A critical question that remains unanswered is how p120
disassociates from the cadherin cytoplasmic tail. Understanding
this initial step in the induction of cadherin endocytosis is
crucial for understanding how p120 regulates cadherin stability
at the plasma membrane. Presenilin-1 and Hakai are two
molecules that have been shown to interact with the cadherin
JMD and have been implicated in cadherin trafficking. An
intriguing possibility is that these or other proteins may compete
for p120 binding to the cadherin, thereby causing p120
dissociation and cadherin endocytosis. Presenilin-1 promotes
E-cadherin degradation by proteolytic cleavage of the cadherin
cytoplasmic tail [6,45]. Recent studies showed that presenilin-1
associates with the cadherin complex when p120 catenin is
uncoupled from cadherins [65], suggesting that presenilin-1
competes for p120 binding to the cadherin tail. Similarly, Hakai
is an E3 ubiquitin ligase which binds to a phosphorylated(A) p120 may function as a “cap” by binding to the cadherin tail and preventing
own, the clathrin adaptor complex AP2 is prevented from interacting with the
2 binding and clathrin-dependent internalization of the cadherin. (B) Interactions
and CDC42, not shown) regulates post-Golgi cadherin trafficking and is required
ay decreases cadherin membrane localization by causing p120 dissociation. (3)
ugh in some model systems Rac may promote cadherin endocytosis. Please refer
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ubiquitination of E-cadherin [22]. It is possible that p120 may
prevent cadherin internalization by blocking cadherin phos-
phorylation and/or Hakai binding. However, Hakai does not
interact with other cadherins such as N-cadherin and VE-
cadherin due to the fact that both N-cadherin and VE-cadherin
lack the tyrosine residues necessary for Hakai binding,
suggesting that other Hakai-like molecules may couple
selectively to specific cadherins. Furthermore, follow up studies
suggest that Hakai might function to regulate cadherin
trafficking at early endocytic compartments after internaliza-
tion, rather than at the plasma membrane [58]. Thus, it remains
unclear precisely how Hakai might regulate p120 interactions
with the cadherin to drive cadherin turnover.
4.2. Role of p120-catenin in cadherin biosynthesis and
recycling
The evidence discussed above supports the idea that p120
regulates cadherin surface expression by modulating cadherin
endocytosis. However, other studies also raise the possibility
that other cadherin trafficking steps may be subject to p120
modulation (Fig. 1). Similar to other transmembrane proteins,
the synthesis, internalization, recycling, and degradation of
cadherins are linked by a complex network of intracellular
trafficking pathways. Newly synthesized E-cadherin is trans-
ported from the Golgi apparatus to the plasma membrane
through a mechanism that requires association with β-catenin
[14]. Recent studies indicate that p120 does not interact with
E-cadherin during biogenesis, but rather associates with the
cadherin at or near the plasma membrane [49]. Interestingly,
Miranda et al. (2001) demonstrated that a dileucine motif in
the juxtamembrane domain of E-cadherin is required for the
proper sorting of newly synthesized E-cadherin to the
basolateral membrane of polarized epithelial cells[50]. In
light of the evidence that E-cadherin mutants unable to bind
p120 are properly targeted to the plasma membrane [67], these
data provide further support for the model that p120 acts as a
“cap” on the cadherin cytoplasmic tail, to obscure sorting
motifs in the juxtamembrane domain. Although the role of this
dileucine motif as an endocytic sorting signal has not been
tested, its potential function as such raises the possibility that
p120 stabilizes cadherins at the plasma membrane by
preventing interactions of protein trafficking adaptor proteins
with sorting motifs in the cadherin cytoplasmic tail during the
specific period between cadherin exocytosis and endocytosis.
Several reports suggest that the transport of N-cadherin to the
membrane is regulated differently than that of E-cadherin. p120
was found to bind to pro-N-cadherin very early during
biosynthesis, while β-catenin becomes associated with the
complex later in the pathway [69]. These data suggest that p120
may play a role in N-cadherin delivery to the plasma membrane.
In further support of a role for p120 in facilitating the transport
of N-cadherin to the plasma membrane, Mary et al. showed that
N-cadherin-containing vesicles move on microtubule tracks
toward cell–cell contacts. Furthermore, p120 has also been
shown to interact with the outwardly directed microtubulemotor kinesin [13,77]. The Green laboratory found that p120
accelerated the transport of N-cadherin to the cell surface
through its interaction with kinesin, perhaps through a recycling
pathway [13]. Disruption of the cadherin/p120/kinesin associa-
tion by using either cadherin mutants that cannot bind p120 or
p120 mutants that cannot bind kinesin slows the rate at which
cadherins are delivered to cell–cell contacts. Additional studies
will be required to understand how various cadherin family
members may be subject to differential regulation by p120.
5. p120, small GTPases and cadherin trafficking
As discussed above, p120 may function as a “cap” to bind
the cadherin JMD and thereby prevent interactions with
endocytic machinery (Fig. 2A). However, this simple model
may not sufficiently explain all of p120's potential roles in
cadherin function and turnover. In addition to interacting with
the cadherin adhesion complex at the plasma membrane, p120
can also interact with small GTPases (Fig. 2B). Rho family
GTPases such as Rho, Rac, and Cdc 42 play important roles in
the regulation of cytoskeletal organization and dynamics during
cell spreading and migration [37,48,71]. Importantly, several
studies indicate that cytoplasmic p120 negatively regulates Rho
A activity by maintaining it in an inactive GDP bound state
[2,54] and that this effect may be through direct binding of p120
to Rho A [44]. p120 can also activate Rac and Cdc42 in the
cytoplasm through binding to the Rho family exchange factor
Vav2 [54]. Interestingly, when p120 binds to the cadherin tail, it
loses the ability to inhibit Rho A activity [2]. On the other hand,
p120 and/or actin may be involved in recruiting Rho A to
cadherin-based adhesive junctions, allowing local activation of
Rho A at intercellular junctions [44]. In addition, the Rho family
of GTPases has been implicated in a variety of signaling
pathways depending on the cellular context [20]. Several
studies have specifically indicated a role of the Rho family of
GTPases in membrane trafficking [19,66]. These data raised the
possibility that p120 may influence cadherin dynamics not only
through directly binding to cadherin, but also by modulating
vesicular membrane trafficking machinery, by regulating the
actin cytoskeleton, or by some combination of these Rho family
targets.
A number of studies indicate that Rac regulates E-cadherin
endocytosis. In MCDK cells, dominant active Rac1 inhibits
endocytosis of E-cadherin induced by 12-O-tetradecanoylphor-
bol-13-acetate (TPA) [31,36]. Similarly, Izumi and colleagues
found that clathrin-dependent endocytosis of E-cadherin was
inhibited by activation of Rac and Cdc42 [35]. Importantly, the
formation of cadherin-mediated cell–cell contacts also activates
Rac [9,55]. These relationships suggest a feed forward system
to stabilize cell–cell contacts, possibly through local regulation
of actin cytoskeletal dynamics. Consistent with this view,
inhibition of cadherin endocytosis was shown to occur through
F-actin and the F-actin cross-linking protein IQGAP1 [35].
Since p120 is known to stabilize cadherins at the plasma
membrane, and since the interaction between E-cadherin and
p120 is involved in Rac activation, it is possible that the
inhibition of cadherin endocytosis via these small GTPases and
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not all studies indicate that Rac functions to prevent cadherin
endocytosis. Recent studies in Drosophila demonstrate that Rac
functions upstream of dynamin (Drosophila shibire) to regulate
cell–cell adhesion in the developing salivary gland [63].
However, in these studies Rac activation appears to drive
destabilization of adherens junctions. Similarly, activation of
Rac1 in human keratinocytes results in E-cadherin endocytosis
through a clathrin-independent pathway [1]. There are several
possible explanations for the differing results from these
experiments. The cell types and experimental assays used in
these studies were different, as were the causes and duration of
Rac activity. For example, constitutively active Rac mutants [1]
may have different consequences than Rac which is transiently
activated upon E-cadherin trans-interaction [35]. Thus, con-
flicting roles for Rac in cadherin endocytosis make it difficult to
derive a unifying model for Rac and p120 interactions in
cadherin trafficking. Nonetheless, these studies provide con-
vincing evidence for interplay between cadherin, Rac and
endocytic membrane trafficking pathways.
In addition to Rac, Rho A also has been implicated in
cadherin trafficking. In a study of the regulation of M-
cadherin in mouse myoblasts, the Gauthier–Rouvière labora-
tory found that early in the process of myoblast fusion, which
requires M-cadherin, the activity of Rho A is decreased [12].
Furthermore, myoblast fusion is abolished by a constitutively
active mutant form of Rho A. Constitutively active Rho A
also decreases M-cadherin plasma membrane localization and
dramatically decreases M-cadherin expression levels. Interest-
ingly, the expression of the constitutively active Rho A caused
the dissociation of p120 from M-cadherin, leading to cadherin
ubiquitination and internalization. These effects could be partly
rescued by inhibiting the RhoA effector ROCK, implying that
its targets may include p120 and/or M-cadherin [12]. These
findings are particularly interesting because they suggest that
p120 can function either upstream of Rho A to inhibit Rho A
activity or downstream of Rho A in the regulation of adhesion.
A critical issue to clarify is whether Rho family GTPases
exert control over cadherin endocytosis by regulating the
cadherin–catenin complex or by regulating membrane traffick-
ing machinery. For example, Rac and Cdc42 regulate post Golgi
trafficking of E-cadherin, presumably through direct affects on
selective components of the vesicle trafficking machinery [70].
However, it is likely that these GTPases exert influence on
cadherin dynamics through local regulation of actin cytoskeletal
dynamics. A number of studies indicate that cadherins that are
engaged in adhesive junctions (trans interacting) and associated
with the cytoskeleton are metabolically stabilized and are less
likely to enter an endocytic pathway [23,29,35]. Therefore, Rho
family proteins may modulate the levels of cadherin endocy-
tosis indirectly by regulating the degree to which cadherins are
coupled to the cytoskeleton and engaged in stable adhesive
interactions. A greater understanding of how cadherins
exchange in and out of stable contacts and which pools of
cadherin actually enter endocytic pathways will be required to
understand precisely how p120 and the Rho family of GTPases
interact to regulate cadherin turnover.6. Conclusions and perspectives
A major function of p120 in mammalian cells is to serve as a
cadherin “gatekeeper” [60], determining whether cadherins are
stably retained at the cell surface or internalized for degradation.
Recent studies have exposed this key function of p120, but have
also raised new and important questions. For example, if p120
dissociation from the cadherin tail is a central control point in
cadherin turnover, then it becomes critically important to
identify regulatory factors and signaling pathways that drive
p120 dissociation. Thus, loss of p120 catenin from the JMD
may reflect changes in its binding affinity for the cadherin tail or
competition from other proteins for binding to the cadherin
JMD. Interestingly, the affinity of p120 binding to the JMD is
apparently not as high as that of β-catenin binding to the
cadherin tail [67]. This relatively weak association of p120 may
be a central factor in maintaining the plasticity of cadherin
based adhesive interactions.
While this intrinsic aspect of p120–cadherin association
may be important in constitutive cadherin turnover, it will be
equally crucial to determine upstream signals that can trigger
p120 dissociation from the cadherin tail. It has been shown that
phosphorylation of p120 might affect the adhesive activity of
E-cadherin [4]. Moreover, p120 contains several amino acid
residues which can be phosphorylated by protein kinases such
as Src and in response to growth factors including HGF, EGF
and PDGF (platelet-derived growth factor) [17,46,47]. Some
evidence already suggests that these upstream signals may be
involved in the regulation of cadherin trafficking. For example,
fibroblast growth factor (FGF) was found to induce the co-
internalization of E-cadherin and the FGF receptor (FGFR1),
indicating that FGF might regulate p120–cadherin interactions
as a mechanism to control cadherin internalization rates [11].
A more precise understanding of p120 and Rho family
GTPases in cadherin trafficking is also required. The interac-
tions between cadherins, small GTPases, and p120 in cadherin
trafficking are highly complex and may be dependent upon the
cell type and specific cellular environment. The interaction
between cadherins and small GTPases demonstrates that
cadherins act as signaling receptors and regulate the function
of downstream GTPases, yet these same GTPases regulate
cadherin expression and localization in the cell. The resulting
picture is a triangular interaction in which each regulatory
component (small GTPases, p120, and cadherins) seems to act
both upstream and downstream of the other two. Further work
will be needed to understand the specifics of these interactions,
and care will be required when assigning any general cellular
role to multiple members of a group, whether it be different
cadherins, different isoforms of p120, or different small
GTPases. Finally, p120 also translocates to the nucleus and
interacts with the transcription factor kaiso. It is currently
unclear how cadherin endocytosis, nuclear translocation of
p120, and p120 regulation of the cytoskeleton through the Rho
family GTPases are coordinated. It would seem likely that these
interactions are coupled to one another during events such as
epithelial to mesenchymal transitions, angiogenesis, and
epithelial tumorigenesis.
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